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Abstract 
This work is focused on the homogeneous macroscopic material level in order to provide a suitable formulation for 
structural finite element simulation. A reduction of the stiffness depending on loading, summarized as `damage 
phenomena’, is considered. We present the modeling of visco-hyperelastic damage with the Mullins effect of fiber-
reinforced biomaterials. We show that the Ogden-Roxburgh model is more realistic for a reproduction of the 
damage of hyperelastic materials. Analyzing the parameters set, compressibility and reinforcement (reinforcement 
contribution, fibers directions and their dispersion in the material) on the hysteresis phenomenon in the tensile cyclic 
deformation of these biomaterials is achieved 
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1. Introduction  
Nowadays, simulations of complex and highly nonlinear mechanics problems are conducted using the finite element 
method (FEM). FEM is also an ideal numerical tool to analyze viscoelastic rubber parts. Usually, these structures 
cannot be described analytically because of material nonlinearities and complex geometry. Often, time dependent and 
dissipative material behavior is observed simultaneously with load dependent stiffness reduction. For example, filled 
elastomers and biological tissues belong to this class of materials. Both phenomena, i.e. viscoelasticity and damage, 
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are incorporated into a formulation of finite strain elasticity [1]. The phenomena can be used either together or one of 
the other features is suppressed by choosing appropriate material parameters. 
The accurate prediction of the mechanical behavior of rubberlike materials remains an open issue [2]. These 
materials are used often under cyclic conditions, where large deformation viscoelasticity coupled with damage is 
relevant. Their mechanical behavior has been described first as hyperelastic, and several forms of strain energy density 
have been defined thus far, see for example Ref’s. [3-6]. Later, the stress softening induced by the first loading cycle, 
known as the Mullins effect [7], was included in constitutive equations by including damage. An isotropic damage 
parameter, d, has been introduced often in order to modify the strain energy density by the multiplicative factor (1-d) 
[8-11]. In an alternative approach based on macromolecular models, and still assuming isotropy, it was proposed to 
account for damage by making the average length and volume fraction of the chains that support stress depend on the 
loading history[12]. Early experimental results have demonstrated the viscoelastic character of rubberlike materials 
[13-15]. For instance, the uploading and unloading responses differ during cyclic loadings. Many visco-hyperelastic 
constitutive models with or without damage have been proposed [16-19], among others. It has been reported as well 
that some anisotropy is induced by the Mullins effect [13]. 
In this paper, we present a theoretical study related to the parameters defining the dissipative behavior by Mullins 
effect. Then, we perform the numerical simulation of the biomaterials damage under cyclic loading. The influence of 
parameters such as: parameters set; compressibility and reinforcement of biomaterials is showing. The study models 
are implemented in finite element computer code “Abaqus®”. We focus the study on the influence of anisotropy 
induced by the fibers directions. We consider the transverse anisotropy for the modeling of the biomaterial behavior. 
The influence of the fibers orientations on the biomaterial response; in the static loading (without regard to the Mullins 
effect), can be found in Ref. [20].    
This paper is organized as follows: Section 2, the modeling techniques of the Mullins effect is briefly revised. In 
Section 3 the utilized models (model for Mullins effect and hyperelatic models) are reported. The numerical simulation 
results of the coupled problems (Mullins effect phenomena and hyperelastic anisotropic behavior) for biomaterials are 
presented and disputed in Section 4. Finally, Sections 5 includes conclusions and remarks.     
2. Micromechanical motivation 
The Mullins effect is less studied then the hyperelastic behavior of materials in order to set up behavioral laws. 
There are models that attempt to reproduce the Mullins effect and most do not provide explicit laws or 3D models 
(see [21]). The Govindjee-Simo micro-macro model is expressed by an exploitable behavior law in the structure 
computation [8, 22]. In the Mullins effect, it runs again into an old debate on the interactive nature of the matrix-
fillers. Many studies try to predict this predominant phenomenon in the microstructural interaction [23, 24]. Two 
dissipation models are quoted: dissipation attached to the stress amplification caused by the fillers presence [14, 25] 
or dissipation related to the “bond rubber” [24, 26]. In this section, we present the two principal methods for modeling 
of Mullins effect. 
The micro-physics method considers the damage in the chains networks. Thus the modeling in this case was based 
on the “bond rubber”. The authors integrate a micro-dissociating behavior of chain network that suffer only the 
volumetric fillers presence and a second chain network that was interacting with these fillers. The damage carried 
only on the matrix part related to the fillers in the chains dissipation form that suffers an important elongation.  At the 
larger elongationsߣ௜௠ attached to directionsݑ௜ in the course of the history, the parameter damage is the scalar:  
)( miMax OP           (1) 
So, it defines the damage as a scalar that characterizes an isotropy phenomenon. Now, a delicate detail is missing: 
the remnant deformation. This phenomenon is found considering that damage is anisotropic and attached to its 
direction [27]. In the principal axes, it seems natural to have rather:  
)( mii Max OP  
        
 (2) 
Hyperelastic laws for rubberlike materials based on sets of material directions have been proposed previously [28, 
29]. In such models, which are able to account for anisotropy, the hyperelastic strain energy density is approximated 
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by summing contributions over a set of material directions. A unit vector parallel to one of the m directions considered 
is ui; it is defined in the reference configuration, i.e., it does not vary when the material deforms. If a deformation 
gradient F is applied, each direction is stretched with:  
)()( i
T
ii FuFu O            (3) 
The total strain energy of the system is thus given by:   
),( iii NwnW ¦ O         (4) 
where: ݊௜  is the volume fraction of molecular chains whose end-to-end vectors are parallel to ݑ௜ , and ݓ is an 
elementary strain energy. Parameter ܰ݅relates to the maximum possible extension along direction ݑ௜ and equals the 
number of links in a chain in the classical macromolecular context. It can generalize the form of Valnis-Landel energy 
density in the form:      
),( imiiwpW OO¦            (5) 
where: ߣ௜  are those current elongations attached to directions ݑ௜ , ߣ௜௠  are those larger deformations in these 
directions in the course of the history and  ݌௜  the integration weights. It defines a damage parameter ߙǡ as following:  
1)1(/ 20  imi NN OD         (6) 
where: N0 is the initial number of Ni .  
The second method is based on the continuum damage formulation. In preparation for writing the constitutive 
equations for the Mullins effect, it is useful to separate the deviatoric Wdev and the isochoric Wvol parts of the total 
strain energy density W  of the primary material response as:  
devvol WWW          (7) 
The continuum damage formulation is defined by an extension of the strain energy density function [1]:  
0)1( devvol WdWW          (8) 
 where: d is the scalar damage variable (݀ א ሾͲǡͳሿ) and ௗܹ௘௩଴  is the deviatoric part of the strain energy density of the 
primary material response. Here, the damage evolution is associated with the isochoric part of the deformation, which 
is a constitutive assumption. This behavior can be found, for example, for filled rubber material. 
3. Constitutive models  
3.1. Mullins effect model  
To account for the Mullins effect, Ogden-Roxburgh proposed a material description that is based on an energy 
function of the form W(F,η), where η is a scalar variable [10]. This scalar variable controls the material properties in 
the sense that it enables the material response to be governed by an energy function on unloading and subsequent 
submaximal reloading different from that on the primary (initial) loading path from a virgin state. Because of the 
interpretation and influence of η, it is no longer appropriate to think of W as the stored elastic energy potential. In fact, 
part of the energy is stored as strain energy, while the rest is dissipated due to damage. As pointed out by Ogden-
Roxburgh, the inclusion of η, results in the following additional equation:   
0),(  w
w KK F
W
         (9) 
The above equation determines the evolution of η during the course of the deformation. During a deformation 
process, the variable η may be either active or inactive and the material again behaves as an elastic material but with 
a different strain energy function W(F,η). The Mullins effect is accounted for by using an augmented energy function 
of the form:   
voldevi WWW  )(),( KIKKO   ( iO is the deviatoric principal stretches).   (10) 
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The function ׎ሺߟሻ is a continuous function of the damage variable η and is referred to as the “damage function.” 
As the above expression suggests, the deviatoric part of the augmented energy function is related to the deviatoric part 
of the energy corresponding to the primary response by the scaling factor η. It can be shown that the damage variable 
η varies with the deformation according to:  
)(11
0
m
dev
dev
m
dev
Wm
WWerf
r EK 
         (11) 
The above equation defines the evolution of the damage variable Ʉwith deformation ௗܹ௘௩଴ , the maximum value of the 
deviatoric strain energy density experienced by the material point during its deformation history ௗܹ௘௩௠ and material 
constants r, m, and β.  
3.2. Hyperelastic models  
Three hyperelastic models are used to simulate the behavior of our materials:  
x  An isotropic physical model of Arruda-Boyce where the hyperelastic potential has the following form [30]: 
 
¦   5 1 2122 )ln2 1(1)3(i iiim i J
J
D
I
C
W OP      (12) 
        where: C1 = 1/2, C2 = 1/20,  C3 = 11/1053,  C4 = 19/7000, C5 =  519/673750,  λm =  5,  μ = 200 and D = 0.001.  
x The influence of material parameters and fibers orientations on the mechanical responses of hyperelastic 
transversely isotropic biomaterial is considered. The constitutive law is derived out the following strain stored-
energy function [31]:  
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                       where ଷ ൒ Ͳ is a stress-like material parameter and ସ ൒ Ͳ is a dimensionless parameter. 
Table 1.  Material parameters. 
 C1 C2 C3 C4 D 
Set I 10 10 100 1 0.0036844 
Set II 10 10 0.1 1 0.0036844 
Set III 10 0 100 1 0.0036844 
x We have considered, also, the model of Holzapfel-Gasser and Ogden (HGO)[32,33]. The form of the strain 
energy potential is used for modeling arterial layers with distributed collagen fiber orientations:    
]1)([exp
2
)3()ln
2
1(1 241
4
3
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2
! ¦   iNi ECCCICJJDW           (14) 
with ഥ୧ ൌ ሺҧଵ െ ͵ሻ ൅ ሺͳ െ ͵ሻሺҧସ െ ͵ሻ  where: ଵǡ ଶǡ ଷǡ   are temperature-dependent material    
parameters;  is the number of families of fibers ( ൑ ͵ሻ, in this case N=1, C1=7.64.10-3, D =0.0036844, C3 
=996.6 .10-3, C4 =524.6, and k = [0, 0.226]. 
The values of ସ  are 524.6, 168.9212 and 107.473 for HGO model and Set IV respectively. Particularly, the 
material HGO (k=0.226), the exponential part of the energy function is composed on term of the fourth invariant 
(where: ସ ൌ Ǥ  ൌ ଴Ǥ തǤ ଴   is the square of the stretch of the fiber; ଴  the fiber direction in the reference 
configuration; ଷ scales the exponential stress and ସ is related to the rate of collagen uncrimping) and a term on the 
first invariant that translated an isotropic deformation of the matrix.  
In this example we deal with the numerical simulation of a composite rubber block bonded with two perfectly 
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rigid plates as shown in Fig. 1. Due to the symmetry, onlyሺͳ Τ ͺ) of the global geometry was modeled. The fiber 
distribution was aligned with the axial direction. The purpose of this simulation is to demonstrate also the effectiveness 
of the finite element method for the visco-hyperelastic behavior.  
 
 
 
 
 
   
4. Numerical simulation 
4.1.  Parameters selecting and validity limit of Ogden-Roxburgh model 
 We investigate the validity limits of the Ogden-Roxburgh model. The analysis is based on a many experimental 
results [2, 14, 34]. The form of the hysteresis curves obtained differs with material characteristics. They have unlike 
hysteresis area (dissipative energy) and various slopes (material rigidity in the solicitation direction). The simulation 
is performed considering a plane strain state. We define the model limits by its ability to reproduce correctly the 
experimental cyclic curves. It’s defined in the model by those material constants r, m and β. They characterize the 
hysteresis in the cyclic loading i.e. this are the coefficients of the visco-elastic dissipation of the strain energy. The 
results are presented by the curves of Fig. 2-a, 2-b and 2-c using the hyperelastic Arruda-Boyce potential. We note 
that the model does not describe the crystallinity rate reached in a cycle. In addition, the model does not consider the 
test conditions such as the strain rate and temperature. It’s appropriate to introduce a parameters in the model related 
to this two parameters. The material constants can be written as function of strain rate ߣሶ and temperature T: 
      ),(
.
1 OTfr               and    ),(
.
1 OE Tg                         (15) 
 
 
 
Fig. 2.   Dissipative strain energy in Ogden-Roxburgh model: a) - vs. constant β    b) - vs. constant m     c) - vs. constant r 
 
The hysteresis change marginally when the value of ݉ evolves from 10 to 100 (Fig. 2.b). We register a notable 
evolution in the area of the dissipative curve when the material constant value m is maximal (݉=100). For this we 
fixed the value of the material constant ݉ (m = 100). Then the other two material constants r and Ⱦ. The 
evolution of the cyclic dissipate energy related to the two constants is showed in the Fig. 2a and 2c. Taking either β 
=10 or r =30, the dissipate energy is practically null that is the case of the hyperelastic material without any damage 
cyclic. Moreover, we suggest modifying the Ogden-Roxburgh model (Eq.10) by adding a material parameter which 
represents the dissipate energy part of crystallization in cyclic loading as following: 
volidevi WcWW  )()()(),( 0 MKIOKO           (16) 
where;߮ሺܿሻ is the crystallization energy that is function on material aptitude at the crystallization under stress ࢉ (for 
0
500
1000
1500
2000
2500
0 1 2 3
lo
ad
in
g 
(N
)
elongation
β=0,1 β=0,2
β=0,3 β=0,4
β=0,5 β=0,8
β=1 β=10
0
500
1000
1500
2000
2500
0 1 2 3
m=10 m=100
m=1000
0
500
1000
1500
2000
2500
0 1 2 3
lo
ad
in
g(
N
)
elongation
r=1,5 r=2
r=2,5 r=3
r=10 r=30
b) c) a) 
Fig. 1: Cube dimensions and 
symmetry planes. 8cm 
Symmetry Planes 
Moving 
boundary 
131 Djeridi Rachid and Ould ouali Mohand /  Procedia Engineering  101 ( 2015 )  126 – 134 
 
a given material and at a maximal elongation of cycleߣ௠௔௫). 
A predominant phenomenon in the damage by the effect Mullins results in junction chains/fillers. Then, the function 
׎ሺߟሻ depends on the junction nature at the surface and fillers size. The fillers nature determines the junction energy 
at the surface and the fillers size (their diameter d) limits the number of damaged chain. Consequently, the continuous 
function of the damage variable ׎ሺߟሻ can be written: 
 ),(),,()( 22 dgmrf JEKI              (17)       
Indeed, it’s more specifying to pass at these microstructure parameters ߛܽ݊݀݀, instead these global parameters 
ݎǡ݉andߚ.  
4.2. Biomaterials damage under cyclic loading 
In this section, an anisotropy hyperelastic material and a fiber-reinforced biomaterials are studied. The curves in 
Fig. 3-5 represents the numerical simulation results. Particularly, we interest at the parameters set, the fibers 
orientation and the material compressibility. The biomaterials are rigid materials: as well as this is the goal of the 
reinforcement. It’s logic that the rigidity decreases the visco-elastic dissipation. The hysteresis area in a cyclic loading 
evaluates the dissipation. This justified the choice of the material constants taking a raise values. The values of 
constantsܥଷ andܥସ  are related to the contribution of the reinforcement fibers in the anisotropy part of strain energy 
function. The matrix rigidity is evaluated by the constants ܥଵ and ܥଶ of the isotropy part of the strain energy. In Fig. 
3, we note that the rigidity loss by damage varied as function of parameters Set in the following crescent order: 
SetII<SetI<SetIII. This variation order is in accord with the variation order of constants related at the fibers 
contribution, characterized by constantܥସ.  
 
 
Fig.3. Influence parameters set. 
 
The influence of the fibers directions on the Mullins effect in the biomaterial is investigated. The results are showed 
in Fig.4. Considering the incompressible material, the hysteresis variation by the Mullins effect is weakly influenced 
by the fibers orientation. We show that from a critic fibers direction ߙ௖൫ʹͲι ൏ ߙ௖ ൏ ͵Ͳι൯the variation of the dissipate 
energy is intensified. For the compressible material, the viscoelastic dissipation by the Mullins effect is independent 
on the fibers orientation (Fig. 4-b). 
For more efficiency and richness of results, we expose the numerical simulation results of HGO model (Fig. 5). 
This model is established for compressible biomaterial. An anisotropic direction is defined by the orientation of a one 
fibers family. It is also assumed that all families of fibers have the same mechanical properties and the same dispersion. 
When ൌ Ͳ, the fibers are perfectly aligned (no dispersion). When ൌ ͳ ͵Τ , the fibers are randomly distributed and 
the material becomes isotropic; this corresponds to a spherical orientation density function [32]. The dispersion of 
fibers material affects material rigidity and the area of the hysteresis curve. We exposed in this way the numerical 
simulation curves for the extreme values of dispersion (minimal value k=0 and maximal value k=0,33) and the 
intermediate value k=0.226. The material rigidity and the viscoelastic dissipative energy decrease when the dispersion 
coefficient k increases (Fig. 5-b). Practically, at the maximal value of the coefficient dispersion, the energy dissipation 
is null and the rigidity is minimal. Consequently, we interpret a bad alignment of fibers as structure defect. This 
contributes to the amplification of the effect Mullins in the biomaterial. So, we show that a critique value of fibers 
dispersion is function of mechanical characteristics required (particularly, the rigidity and the viscoelastic 
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dissipation.). In the biomaterial, the dissipative phenomenon is an important factor. This importance arises from the 
importance and sensibility of the use domain of material (for example cardiology and articulations). And, a same result 
is found: the biomaterial hysteresis is not influenced by the fibers orientation (Fig.4-b and 5-a).  
 
 
 
Fig.4.   Influence on the boucle hysteresis of:  a) - Fibers orientation in incompressible case.  b) - Fibers orientation in compressible case.  c) – 
Compressibility (SetI).  
 
Fig.5.   Influence of: a) - fibers directions in HGO model (k=0) b) - Fibers dispersion in HGO model (r =1,1 , m = 100  , β = 0,1).  
4. Conclusion 
Modeling of dissipative behavior of a hypeelastic material by the Mullins effect remains complex. These 
difficulties are related to the complexity of microstructure and its interactions. The Ogden-Roxburgh model 
reproduces correctly the mechanical behavior of the isotropic hyperelastic material. We have shown the extension of 
the model by introducing the dependence of the material parameters to the microstructural variables (such as the filler 
nature and size). By assigning large values to the material constants, the Ogden-Roxburgh model reproduces also the 
visco-hyperelastic behavior by the Mullins effect in the anisotropic hyperelastic biomaterials. The results show that 
the reinforcement (fibers direction) does not influence directly the visco-elastic dissipation of biomaterials. But, the 
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damage dissipation is related to the material rigidity that is related directly at the reinforcement. We note the existence 
of a critic dispersion of fibers in relationship with these mechanical characteristics of rigidity and hysteresis.  
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